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Abstract 


Introduction 


A two-fluid pneumatic atomizer operating at 
relatively high liquid and qas pressures produced 
water sprays that simulated small-droplet clouds 
of liquid fuel for use in studying vaporization 
and fuel-air mixing effects on combustor perform- 
ance and emissions. To characterize the sprays, a 
scattered-light scanninq instrument was developed 
and measurements of volume median or volume mean 
diameter, D v c, were correlated with D 0 , W w and 
W n , i.e., orifice diameter, water, and nitrogen 
gas flow rates, respectively, to give the general 
expression: 

Dy.5 ~ 2 wjj Wp 

which yields: 

Dv .5 = « 0§-2 W 0.2 W ^-2 

at 4.4 cm downstream of the atomizer. Values of 
D 0 , Ww, and W n are in centimeters and grams/ 
second, respectively. Farther downstream at an 
axial distance of 6.7 cm, exponent m increased 
from 0.2 to 0.4 and exponent n decreased from 
- 1.2 to - 1.0 and at a distance of 25 cm downstream 
of the atomizer, n decreased to - 0 . 8 . 

The increase in exponent m and decrease in 
exponent n was attributed to a loss of very 
small droplets from the spray due primarily to 
vaporization and diffusion effects on clouds of 
small droplets traveling a distance of 25 cm. 

Nomenclature 

D 0 orifice diameter, cm 

MVD volume median drop diameter, D v> 5 , um 

N n drop size distribution exponent for Nukiyama- 
Tanasawa expression 

N r drop size distribution exponent for Rosin- 
Rammler expression 

P fluid static pressure, psiq or MPa 
SMD Sauter mean drop diameter, D 32 , um 
W weight flow of fluid, lb/sec or g/sec 

x axial downstream distance, cm 
Subscripts 
n nitrogen gas 

w water 


Basic studies of liquid spray formation have 
shown that there is considerable need for drop 
sizinq instruments that are capable of measuring 
small droplets in clouds that have volume median 
diameters in the order of 10 um or less. In 
samplinq small-droplet sprays, one of the most 
difficult problems is that of avoiding the effects 
of vaporization and dispersion on small drops 
prior to sampling which would markedly influence 
measurements of the initial spray characteristics. 
Overcoming such problems is essential in order to 
determine truly representative spray characteris- 
tics such as the drop size distribution or a mean 
drop diameter that adequately characterize a fuel 
spray. 

In a previous study described in Ref. 1, the 
breakup mechanism of two small diameter water jets 
was investigated. Two pneumatic two-fluid atom- 
izers were used to produce clouds of small diam- 
eter droplets and a drop sizing instrument called 
a Scattered-Light Scanner was developed at NASA 
Lewis Research Center capable of measuring volume 
median drop diameters, D v c, as small as 8 um. 

From the drop size data, it was found that 
measured values of D v# 5 could be correlated 
with the aerodynamic force of the assist nitrogen 
gas in terms of weight flow of nitrogen, W n , to 
give the relation, D y# 5 ~ WpD- 8 * Also, it was 
found from vaporization rate calculations that 
small droplets evaporated so quickly that it was 
difficult to determine the original characteris- 
tics of a spray as it was i nt i ally formed by the 
atomizer. This was especially true when attempt- 
ing to take representati ve samples of droplet 
clouds havinq values of D v 5 in the order of 
10 um or less. 

In order to better understand the effect of 
vaporization and dispersion on the values of 
D Vf 5 » the present investigation was made in 
which values of D v ^ were measured closer to 
the atomizer, i.e., ‘at axial distances of 6.7 and 
4.4 cm downstream of the atomizer. Correlations 
of D v# 5 with nitrogen gas flow rates were then 
derived in order to compare breakup mechanisms at 
axial downstream distances of 25, 6.7 and 4.4 cm, 
and demonstrate the effects of vaporization and 
dispersion of small droplets on the character- 
istics of each spray. 

Small-droplet fuel sprays were simulated with 
water sprays formed primarily in the acceleration- 
wave breakup regime for liquid jets. Correlations 
of mean and median drop diameters with fluid 
dynamic forces were developed that can also be used 
to calculate MVD and SMD values for fuels such as 
Jet-A since the effects of fluid properties such 
as surface tension and viscosity on atomization 
have been fairly well determined for capillary- 
and acceleration-wave breakup of liquid jets. 
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In the present study, values of MVD (D v> 5 ) and SMD 
(D 30 ) were determined as well as exponents for 
both the Rosin-Rammler and Nukiyama-Tanasawa drop 
size distribution expressions The sprays 
were formed in a low velocity, 5 m/sec, airflow. 
Liquid and gas pressures for the pneumatic two- 
fluid atomizer were varied over a range of 0.2 to 
6.8 MPa and the spray was sampled at distances of 
4.4 to 6.7 cm downstream of the atomizer. 

Apparatus and Procedure 


The atmospheric pressure test section and 
Scattered-Light Scanner are shown in Fiq. 1. Air- 
flow was drawn from the laboratory supply system 
at ambient temperature (239 K) and exhausted to 
the atmosphere. Airflow rate in the test section 
was measured with an orifice and maintained at a 
velocity of 5 m/sec, with a control valve. The 
test section is 1 m in length with an inside 
diameter of 0.24 m. 


A pneumatic two-fluid atomizer that produced 
clouds of small diameter water droplets, was 
mounted at the centerline of the 24 cm diameter 
duct, as shown in Fig. 2, and operated over water 
and nitrogen gas pressure ranges of 0.2 to 
6.8 MPa, respectively. It injected water sprays 
into the airflow at a distance of 2 cm upstream 
of the duct exit. The distance between the 
atomizer and the centerline of the 4.4 x 1.9 cm 
rectangular laser beam was set at 4.4 or 6.7 cm, 
as shown in Fig. 2. A detailed diagram of the 
atomizer is shown in Fig. 3. The atomizer had a 
flow number of 0.0082 as given by the expression 
Wyy = 0.0082 (Pyw - 0.74 P n p « 5 which is similar to 
that obtained for the atomizer used in Ref. 1. 


Water at 293 K, determined with an I.C. 
thermocouple, was axially injected in the air- 
stream by gradually opening a waterflow control 
valve until the desired flow rate was obtained as 
indicted by a turbine flowmeter. Nitrogen qas was 
then turned on to atomize the water and weight 
flow rate was measured with a sharp edge orifice. 

After air, nitrogen, and water flow rates 
were set, volume median and Sauter mean drop diam- 
eters as well as drop size distribution parameters 
were determined with the scattered-light scanner. 
The optical system is shown in Fig. 2 and con- 
sisted of a 1-mW helium-neon laser, a 0.003-cm- 
diameter aperture, a 7 .5-cm-di ameter collimating 
lens, a 10-cm-di ameter converging lens, a 5-cm- 
diameter collecting lens, a scanning disk with a 
0.05-cm slit, at timing light, and a photomulti- 
plier detector. A more complete description of 
the scattered-light scanner, the mean drop diam- 
eter range, and the method of determining mean or 
median particle diameters can be found in Refs. 2 
and 3. 


Experimental Results 


In order to produce and study clouds of 
relatively small droplets, a small diameter liquid 
jet which was atomized primarily by the aero- 
dynamic force of an assist nitrogen gas flow and 
also to some extent by the hydrodynamic pressure 
drop of the liquid was used to determine spray 
characteristics. To calibrate the atomizer, tests 
were made over a liquid and nitrogen gas pressure 


range of 0 to 1000 psig and the flow number was 
determined for the atomizer. To characterize the 
sprays produced by the atomizer, volume median, 
D v . 5 , and Sauter mean, D 32 , drop diameters were 
measured and drop size distribution exponents for 
the Rosin-Rammler and Nukiyama-Tanasawa expres- 
sions were determined with the Scattered-Light 
Scanner. The total spray was sampled at axial 
distances of 6.7 and 4.4 cm downstream of the 
atomizer. 

Correlation of Dv s and D 37 With Flow Rates, 

Volume median drop diameter data obtained for 
atomizer S-4 with the Scattered-Light Scanner are 
plotted against the nitrogen qas flow rate in 
Figs. 4(a) and (b). From these plots it is evi- 
dent that the effect of nitrogen qas flow rate 
on D v# 5 appears to increase as downstream 
distance, x, decreases. Atomizer S-4 was used in 
the previous study described in Ref. 1, at a down- 
stream distance, x, of 25 cm, and gave the plots 
shown in Fig. 4(c). From the slope of the plots 
it is evident that D v# 5 - 8 at x = 25 cm, 

whereas at x = 6.7 cm* as shown in Fig. 6 (a), it 
was found that D v 5 - Wp and at x = 4.4 cm, 
as shown in Fig. 4(b), D v 5 ~ Wpl*^. This large 
effect of downstream sampling position on the 
value of D v 5 may be attributed to a relatively 
large loss of small drops in sampling at 25 cm 
downstream as compared to a much smaller loss of 
small drops at a distance of only 4.4 cm down- 
stream of the atomizer. Vaporization calculations 
for a downstream distance of 25 cm were made in 
Ref. 1 and it was found that a droplet having an 
initial diameter of 6 um would vaporize completely 
in a distance of 25 cm with a liquid jet velocity 
of 9.8 m/sec. 

Fiqures 4(a) to (c) also show that the expon- 
ent for water flow rate, W w , decreased form 0.4 at 
x = 25 and 6.7 cm to a value of 0.2 at x = 4.4 cm. 
This indicates that the effect of W w , or jet 
velocity, on D v 5 is reduced when vaporization 
time is shortened by decreasing the downstream 
distance x. 

From the data shown in Fig. 4, volume median 
diameters were correlated with water and nitrogen 
qas flow rates at axial sampling distances of 
x = 25, 6.7 and 4.4 cm downstream of the atomizer, 
S-4, and the following expressions were obtained: 

Dv.5 = 48 D §- 2 W 8 - 4 w-0.8 (1) 

Dv.5 = 48 D§- 2 W 8 - 4 Wfi 1 - 0 (2) 

Dv.5 = 45 D §- 2 W 8 - 4 WfJ 1 - 2 (3) 

respectively, where Eq. (1) at x = 25 cm was 
obtained from Ref. 1. 

At a water flow rate of W w = 0.05 gal /min, 
the variation of D v 5 with W n was compared 
for axial sampling distances of x = 25, 6.7 and 
4.4 cm as shown in Fig. 5. For low nitrogen gas 
flow rates, the data appear to converge at values 
of Dw 5 near 70 to 100 um. At high nitrogen 
gas flow rates there is a big effect of x on 
0 V .5 which may be attributed to a relatively 
1 arqe loss of small droplets when the downstream 
distance is large. Since vaporization has less 
effect on values of D v> 5 at x = 4.4 cm they are 
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assumed to be more nearly representative of the 
original spray drop size produced near the atomizer 
orifice at high nitrogen gas flow rates, i.e., 

W n > 0.005 lb/sec. On the other hand, when 
W n < 0.005, values of D v# 5 will tend to be 
too large at the sampl ing distance of x = 4.4 cm 
since the spray is sampled too close to the atom- 
izer and atomization of the liquid jet may be 
incomplete at low values of W n . 


This 
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According to Eq. (3), D v .5 - Wp 1 ' 2 . 
relation is similar to the exDression D 
( p a v a)”*’^ that was derived in Ref. 2 for the 
breakup of liquid jets in axial-flow airstreams. 
The agreement of the exponent -1.2 for the aero- 
dynamic force term that is expressed as either 


or Wp might be expected since vaporization 


*a v a 

and dispersion effects were assumed negligible in 
both expressions. To further test the relation 
d v.5 ~ w n * atomization studies could be made 
witn very low volatility liquids or vapor satu- 
rated airstreams. 


Correlation of Drop Size Distribution Character- 
lstics 


Data for the Rosin-Rammler and Nukiyama- 
Tanasawa drop size distribution exponents N r and 
Np , respectively, were obtained with the scattered- 
light scanner in order to completely characterize 
the sprays. A plot of the data is shown in Fig. 6 
and gives the following relation between N r 
and N p : 


N r = 2.8 t $- 45 (4) 

which is the same as that derived in Ref. 1 and 
indicates that although the downstream distance x 
was varied from 4.4 to 25 cm the relation between 
the exponents was not aprreciably affected by 
vaporization and dispersion of the small droplets. 
Also, the data plotted in Figure 6 show no apprec- 
iable effect of water flowrate on the exponents 
Np and N p . 

Plots of the ratio D v 5 /D 39 are shown in 
Figs. 7(a) and (b) for the tfosin-Ramml er and 
Nukiyama-Tanasawa exponents N*. and Np, respect- 
ively. From the data, the following relations 
were obtained: 

Dv.5/D32 = 2.52 N7 0 ' 75 w2 ' 06 (5) 

Dv . 5 / D 32 = 1.17 Nn 0 ’ 35 W0 - 06 ( 6 ) 

which are the same as those derived in Ref. 1 and 
may be combined to give Eq. (4). Also, it was 
found that as drop size was reduced values of 
D v.5/ D 32 approached unity and the spray appeared 
to nave a more narrow drop size distribution. 


Concluding Remarks 

In this investigation it was found that 
clouds of small liquid droplets are difficult to 
produce with diameters in the order of 10 pm or 
less and quite difficult to sample and measure 
accurately. This appears to be due to a consider- 
able loss of small droplets caused by vaporization 
and dispersion effects that occur when attempting 
to find an axial distance downstream of the 
atomizer that will give an accurate measurement 
of spray characteristics that are representative 
of the original spray Droduced by the atomizer. 

With the pneumetic two-fluid atomizer 
stationed 4.4 cm upstream of the laser light beam, 
data for the volume median drop diameter, 0 ^ 5 , 
were obtained with the scattered-light scanner and 
correlated with fluid flow rates to give the 
expression: 


Dv.5 = 45D§*2 W°- 2 W -1.2 

over the ranges, D 0 = 0.038 to 0.064 cm as 
obtained from Ref. 1, W w = 3.16 to 12.5 g/sec 
and W n = 0.91 to 9.1 g/sec. 

In determining exponents for drop size dis- 
tribution expressions, values of exponents N r 
and N n for the Rosin-Rammler and Nukiyama- 
Tanasawa expressions, respectively, were corre- 
lated to give the relation N r = 2.8 N^* 4 ^. 

Also the following expressions for the ratio of 
the volume median to Sauter mean drop diameter 
were derived: 

DV. 5 /D 32 = 2.52 Nf°- 75 W°-06 
Dv. 5 /D 32 = 1-17 Np 0 - 35 W0.06 
where W w is qiven in g/sec. 
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figure 1. - Apparatus and auxilliary equipment. 









Figure 3. - Diagram of pneumatic two-fluid atomizer. 
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Figure 6. - Correlation of Rosin-Rammler and Nukiyama- 
Tanasawa exponents N r and N n , respectively. 
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Figure 7 . - Correlation of ratio D v 5/D32 with exponents 
N r and N n for Rosin-Rammler and Nukiyama-Tanasawa 
expressions, respectively. 
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